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CONTINUOUS-WAVE RANGE MEASUREMENT
APPARATUS

The present invention is an improvement over U.S.
Pat. No. 3,790,940. That device was based upon the fact
that the energy of the carrier frequency component at
the output of the product detector is reduced to zero
when the modulation signal input to the product detec-
tor is phase coherent with the modulation on the re-
ceived RF signal. The magnitude of the signal at the

carrier frequency is obtained by passing the output of

the product detector, y(t), through a narrow-band filter
centered at the carrier frequency and rectifying the
output in an envelope detector. Thus, the earlier device
only made use of the fact that the magnitude of the
carrier term became zero when the phase, a, of the
ranging tone input to the product detector was made
equal to the modulatiocn phase delay, 6. The information
contained in the phase of the carrier term was destroyed
by the envelope detector at the output of the narrow-
band filter.

It is an object of this invention to provide improved
apparatus for implementing a range tracking servo.

It is a further object of this invention to provide appa-
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ratus which doubles the non-ambiguous range capabil-

ity for a given modulation frequency.

It is an additional object of this invention to provide
continuous-wave ranging apparatus that provides the
sense information to drive the range tracking servo
without the necessity of an auxiliary dither system.

Basically, the present invention is directed to an im-
proved CW ranging apparatus which has the advantage
of providing the sense information to drive the range
tracking servo without the necessity of an auxiliary
dither system while doubling the non-ambiguous range
over which the system can operate for a prescribed
modulation frequency. To achieve these advantages,
the receiver is required to have modest phase stability
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characteristics and also to have a bandwidth capable of 40

receiving both the carrier and first order side-band
terms of the product detector output.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the present invention,
reference should now be had to the following detailed
description thereof taken in conjunction with the ac-
companying drawings wherein:

FIG. 1 is a block diagram of the system;

FIG. 2a is a phasor diagram of the phase detector
operation for the case of no relative phase error; and

FIG. 2b is a phasor diagram of the phase detector
operation for the case of a relative phase error, €.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

FIG. 1 illustrates an offset frequency system in which
the transmitter and receiver of both interrogator 10 and
transponder 12 are operated simultaneously on different
carrier frequencies. The AM transmitter 20 of interro-
gator 10 is connected to range tone generator 18 which
may take the form of a crystal oscillator. Antenna 22 1s
coupled to transmitter 20 via line 21 and radiates the
signal toward the receiving antenna 46 of transponder
12.

The transponder 12 includes a conventional AM
receiver 50 and has a product detector or multipher 48
located intermediate receiving antenna 46 and receiver
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50. In normal operation receiver 50 drives a suitable
sound reproducer 52 or the like. The IF output, ys(t),
of receiver 50 is supplied to narrow-band filter 64 and as
a first input to product detector §6. The output of prod-
uct detector 56 is supplied to narrow-band filter 58
which supplies a first input to phase detector 60. The
narrow-band filter 64 supplies a second input to phase
detector 60 which supplies a control signal for control-
ling or driving phase shifter 70.

A suitable second ranging tone signal source at the
modulating frequency of the received signal is fed by

crystal oscillator 66, or the like, via divider 68 into

phase shifter 70. Phase shifter 70 supplies a modulating
input signal to AM transmitter 72 which transmits a
signal via antenna 74 to the receiving antenna 30 of
interrogator 10. The output of transmitter 72 is also fed
into envelope detector 76, the output of which is fed as
a second input to product detectors 48 and 56.

At the interrogator 10, the received signal from an-
tenna 30 is fed as a first input to product detector 28, the
output from which is fed into an AM receiver 32 which
is similar to the receiver 50 of transponder 12. The IF
output of receiver 32 is supplied to range tracking servo
36. The output of receiver 32 is fed to a suitable sound
reproducer 34. Range tracking servo 36 controls the
actuation of phase shifter 26 which controls the phase of
the range tone signal obtained from transmitter 20
through envelope detector 24. The output of the phase
shifter 26 is fed as a second input to product detector 28.

OPERATION

Referring to FIG. 1, assume that it is desired to make
a measurement, at the interrogator 10, of the range
between the interrogator 10 and the transponder 12.
The AM transmitter 20 is amplitude modulated by a
sinusoidal ranging tone at a frequency of w,, radians per
second by range tone generator 18. The radiated signal,
e, may be expressed as:
e;=E{l14+m sin wp,lcos ot )
where
E.is the carrier amplitude
o, is the carrier frequency in radians per second
wm 18 the modulation frequency in radians per second
and
m is the modulation factor.
The phase reference of the modulation on the transmit-
ted signal is extracted by means of a wide-band enve-

lope detector 24 which is connected directly to the

antenna feed line 21 rather than taking the modulation

signal supplied at the input to the transmitter 20 by
range tone generator 18. In this way, variations in the

~ phase shift through the range tone generator 18 and
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transmitter 20 are also eliminated as sources of error in
the range calibration or measurement.

The transmitted signal is delayed by T=R/C seconds
in propagating over a distance, R, between transmitter
20 and the receiver 50 of transponder 12, where C is the
speed of light. That is, the RF carrier experiences a
phase shift of ¢=w.T radians while the modulation
phase is delayed by 0 =wn, T radians. The received sig-
nal, e,, may be expressed as:

er=k EJ14m sin (omt+0)] cos (w4 d) (2)

where
K is the propagatlon attenuation factor
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@ is the phase shift of the modulation due to the propa-
gation delay, in radians and

¢ is the phase shift of the RF carrier due to the propaga-

tion delay, 1n radians.

This received signal is applied as one input to product
detector 48. The other input to product detector 48 is a
sinusoidal signal at the frequency of the ranging tone
which may be derived from the audio output of the
receiver 50 or from crystal oscillator 66 and fed via
divider 68, phase shifter 70, transmitter 72 and envelope
detector 76 to product detectors 48 and 56. Assuming

4

detector-is phase coherent with the modulation on the
received RF signal. The magnitude of the signal at the
carrier frequency is obtained by passing y(t) through a

- narrow-band filter centered at the carrier frequency and

10

the phase of the ranging tone input to the product detec-

tor 48 is a, then the output of the product detector 48,
y(t), may be expressed as

W=k EJ1+m sin (wmt+8)] cos (wet+¢P) cos
(wmt+a) 3)
=kE/Jcos (omt+a)+m/2 sin Qompmt+0+a)+m/2
sin (8 —a)] cos (wct+ ) (4)
WD =k/2EAcos [(wc+ @m)t+a+8)+cos
[(we—om)t+db—a]+m/2 sin
[(we+20,)t+d+0+a}—m/2 sin
[(we—20wm)+d—08—al+m/2 sin (8 —a) cos
(@t ¢’)}

(5}

Thus, the spectrum at the output of the product detec-

tor 48 is composed of two side-frequency components
at wewm, a second pair at w.*+=2w,;,; and a carrier fre-
quency term, m/2 sin (6 —a) cos (w.z-+ @) the last term
in Equation 3.

The product detector 48 may be thought of as a de-
vice which performs a frequency translation. The RF
input to the product detector 48 consists of a carrier
which is amplitude modulated by a sinusoidal ranging
tone. The frequency spectrum at this input to the prod-
uct detector 48 therefore consists of one spectral line at
the carrier frequency, @, and two components at = w;
from the carrier. The second input i1s a tone, cos
(wm?+a), at o, radians per second. The operation of
the product detector 48 creates an output which is rep-
resented by the translation (or shift) in frequency of
each of the RF input companents by an amount plus
and minus w,,. That is, the energy of the received car-
rier (at the frequency, @) is translated to two new com-
ponents at w.+w;;. Each of the original side-bands
(which were at o.*o,;) are now translated to
(wc+wm)*£w, and result in energy at wc and at
w20, Thus, the energy which exists at the fre-
quency, o, at the output of product detector 48 is de-
rived from the product of the original side-band compo-
nents and the sinusoidal range tone (at a frequency, o).
Referring to Equation 5, note that when a equals 0, the
carrier term is reduced to zero. In the operation of the
system, phase shifter 70 is adjusted to provide a prop-
erly phased range tone input to the product detector 48
and thereby produce a null in the energy at the carrier
frequency. As a result, the ranging tone at the input to
the product detector 48 is made coherent (actually in
phase quadrature in the AM system) with the range
delayed modulation signal on the received carrier and 1s
thus a measure of the range between the transmitter 20
and the receiver 50. It is also observed from Equatton 5
that the sign of the carrier term reverses when a is equal
to 6.

The device of U.S. Pat. No. 3,790,940 was based upon
the fact that the energy of the carrier frequency compo-
nent at the output of the product detector 1s reduced to
zero when the modulation signal input to the product
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rectifying the output in an envelope detector. Thus, the
earlier device only made use of the fact that the magni-
tude of the carrier term became zero when a was made
equal to €. The information contained in the phase of
the carrier term was destroyed by the envelope detector
at the output of the narrow-band filter.

In the device of FIG. 1, however, the phase of the
carrier frequency signal at the output of the narrow-
band filter 64 1s employed to provide a “sense” signal to
establish the direction in which a must be changed to
achieve a stable closed loop system which maintains o
equal to 8 as the range changes. The output of product
detector 48 consists of a carrier frequency component
and two sets of side-bands as given by Eguation 3.
These components appear, centered at the intermediate
frequency, at the IF output, yis(t), of the receiver 50.
The term, y(t), representing the carrier frequency com-
ponent (at the IF) is extracted by means of narrow-band
filter 64 which yields

yA)=m/2 sin (0 —a) cos (wirt+ )

Instead of using an envelope detector and observing a
carrier amplitude null, a carrier phase reference is estab-
lished in order to extract the phase information from the
carrier term. Note that the signal ysr(t) contains a side-
band pair at w;rtw;; which were created by the fre-
quency translation which occurred in product detector
48 as described above. A second product detector 56
with the same low frequency input that was applied to
product detector 48 is employed to translate the side-
band energy in the signal y;r(t) back to the carrier (IF)
frequency. The output, x(t), of the second product de-
tector may be written

- x(D=yp (1) cos (apmt+a)=kE][cos (wmt+a)4m/2
sin (2wm,t+4 0+ a)+m/2 sin (0 —a)] cos (wirt+P)
cos (Omi+a)

The signal, x(t), is passed through narrow-band filter 58
which eliminates all terms but the term, z(t), at the IF
carrier frequency. Thus; |

2(ty=k/2E. cos (01t + )

Narrow-band filter 88 is identical to the narrow-band
filter 64-employed to obtain the signal, y(t), which is
also a signal at the IF carrier frequency and which
contains the range information in terms of the phase
angle 6. Assuming that no phase shift of the IF carrier
signals is introduced by either of the narrow-band filters
58 and 64, a phase reference, z(t), has been established
against which the phase of the signal y(t) may be com-
pared in phase detector 60. The polarity of the output
signal from phase detector 60 will then be used to drive
phase shifter 70 to produce a phase shift, a, in the
proper direction to maintain a carrier null. Hence, the
low-frequency signal input to product detector 48 and,
therefore, the envelope of the transmitter output will be
phase coherent with the modulation on the received
signal and be a measure of the range induced phase shift
of the modulation. The AM signal is then transmitted
back to the interrogator 10 where a similar configura-
tion measures the two-way modulation phase shift.
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Note that with this arrangement, the effects of an un-
known or variable phase shift of the modulation intro-
duced by AM transmitter 72 will be completely elimi-

nated because the system will continuously correct a in-

order to provide the correctly phased low-frequency
input to product detector 48.
The signal ysr(t) at the IF output of receiver 50 w1ll

be delayed (i.e., each term will experience a phase shift)

as a consequence of the bandpass characteristics of the
RF and IF circuits. However, the only effect of the
uncompensated phase shifts in this section of the tran-
sponder 12 will be to attenuate the magnitude of the
carrier reference signal applied to the phase detector 60.
The amplltude of the reference signal will diminish as
the cosine of the phase shift at the modulation fre-
quency. Although the phase shift through the RF and
IF circuits will not remain constant, the variation can be
expected to remain under 20 to 30 degrees and be of no
serious consequence.

In the device of U.S. Pat. No. 3,790,940 which simply
observes the magnitude of the carrier term at the output
of an envelope detector, the carrier phase shift due to
the narrow-band filter which selects the carrier term
from the side-band components of the IF output signal
is of no concern. However, in the present device, two
narrow-band filters, S8 and 64 respectively, are required
and a relative phase shift of the carrier frequency terms
introduced by these filters can degrade the performance
of the range tracking loop. The output of narrow-band
filter 58 is used as the carrier phase reference input to
phase detector 60. Narrow-band filter 64 is used. to
obtain the carrier frequency term, y(t), which is com-
pared to the reference signal in phase detector 60. The
operation of the phase detector 60 is shown in FIG. 2q,
for the case where no relative phase error exists be-
tween the two inputs to the phase detector 60. The
output of phase detector 60 will be either positive or
negative depending on the value of (6 —a). In the event
that narrow-band filters 58 and 64 introduce a relative
phase error, €, between the two phase detector inputs,
the condition in FIG. 2b is obtained. Again, the polarity
of the output of the phase detector 60 will be deter-
mined by the sign of the sin (0 —a) term and will give
the proper sense information provided that ¢ is less than
90°. That is, the polarity of the phase detector output
will indicate whether the vertical projection of the sin
(0 —a) cos (wirt+d+€) term is in the upper or lower
half plane of FIG. 2b. The sensitivity of the phase detec-
tor 60 will be reduced by cos ¢€; however, € can be
maintained within a reasonable value and the degrada-
tion in system performance due to the relative phase
shift of narrow-band filters 58 and 64 will be negligible.

The signal at the ranging tone frequency may be
obtained in the transponder 12 from independent crystal
oscillator 66. The frequency stability of the crystal os-
cillator 66 must be sufficient to allow the automatic null
seeking circuitry to maintain the phase of the range tone
input to the product detector 48 at the value which
produces a null in the energy at the carrier frequency.
This stability can be achieved with a small, inexpensive
crystal oscillator 66 without the need for oven-stabil-
ized temperature control. A signal at the range tone
frequency may be obtained in the transponder 12 from
the audio output supplied to sound reproducer 52 by
receiver 50. It is also possible to replace crystal oscilla-
tor 66, divider 68, and phase shifter-elements 70 with a
voltage controlled crystal oscillator driven directly
from the output of phase detector 60.

4,163,233
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A similar receiving configuration at the interrogator
10 produces a signal at the ranging tone frequency
which is then a measure of the two-way phase delay of
the modulation. Specifically, AM transmitter 72 of tran-
sponder 12 transmits a second ranging tone at the modu-
lation frequency wm, which is received by antenna 30
and is fed as a first input to product detector 28. The
output of product detector 28 i1s supplied to AM re-
ceiver 32. The IF output of receiver 32 is supplied to
range tracking servo 36. Range tracking servo 36 con-
trols the actuation of phase shifter 26 which controls the
phase of the range tone signal obtained from transmitter
20 through envelope detector 24. The output of the
phase shifter 26 is fed as a second input to product
detector 28. The phase shifter 26 1s adjusted to provide
a properly phased range tone input to product detector
28 and thereby produce a null in the energy at the car-
rier frequency. As a result, the ranging tone at the input
to product detector 28 is made coherent (in phase quad-
rature) with the range delayed modulation signal on the
received carrier and is thus a measure of the two-way
range between interrogator 10 and transponder 12.

The phase of the returned modulation may be com-
pared with the reference signal in a phase detector to
determine the range between the two transmitter-
receiver terminals. As illustrated, the range is obtained
directly from the position of phase shifter 26 which is a
measure of the phase shift between the received enve-
lope and the phase reference.

Although the invention has been described in terms
of an AM offset frequency system in which the trans-
mitter and receiver at each terminal are operated simul-
taneously on different carrier frequencies, this tech-
nique can also be adapted to single channel transceiver
type operation in which each terminal must transmit
and receive sequentially in time. Also, the range mea-
surement was described as being made at the interroga-
tor, however, either terminal may be so designed as to
function as the interrogator. This basic technique may
be added to FM radio communication systems in which
the modulation index would be established to provide
for sufficiently large carrier and first order side-band
components. Such an FM system would operate with a
low modulation index which is compatible with current
FM bandwidth assignments.

Although a preferred embodiment of the present
invention has been illustrated and described, other
changes will occur to those skilled in the art. It is there-
fore intended that the scope of the present invention is

50 to be limited only by the scope of the appended claims.
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I claim:

1. Communication and ranging apparatus including:

interrogator means for transmitting a first ranging

tone at a first carrier frequency and for receiving a

second ranging tone; and

transponder means for receiving said first ranging
tone and for transmitting said second ranging tone
at second carrier frequency and including:

(a) a receiving antenna; |

(b) receiver means producing an IF output;

(c) first product detector means having a first. input
connected to said receiving antenna and an output
connected to said receiver means;

(d) first narrow-band filter means for extracting a
component of said first carrier frequency from
said IF output; -

(e) second product detector means having a first
input connected to said IF output and translating
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sideband energy in said IF output back to said
first carrier frequency;

() second narrow-band filter means operatively
connected to said second product detector
means for producing a first carrier frequency
carrier phase reference output;

(g) phase detector means operatively connected to
said first and second narrow-band filter means
and producing a control signal in response to
said component of said first carrier frequency
and said first carrier frequency carrier phase
reference output;

(h) a ranging tone signal source for producing said
second ranging tone;

(i) transmitter means for transmitting said second
ranging tone at said second carrier frequency;
(j) phase shifter means for modulating said signal at
said second ranging tone and communicating
said modulated signal to said transmitter means

in response to said control signal; and
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8

(k) means for supplying a sinusoidal signal derived
from said second ranging tone at said second
carrier frequency as a second input to said first
and second product detector means whereby
said first ranging tone at said first carrier fre-
quency received at said receiving antenna 1is
made phase coherent with respect to modulation
on said first ranging tone and said first carrier
frequency component is reduced to zero in said
first product detector means.

2. The communication and ranging apparatus of
claim 1 wherein said interrogator means includes:
(a) means for transmitting said first ranging tone at

said first carrier frequency;

(b) means for receiving said second ranging tone; and
(c) means for making said second ranging tone phase

coherent with the range delayed modulation on
said second carrier frequency and thereby giving a
measure of the range between said interrogator

means and said transponder means.
* ¥ x *
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